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In early studies on the chemical composition of the cell nucleus, it was found that the nucleic acid initially called "nuclein" (1) could form salt-like linkages with two different complexing substances, referred to as "protamine" (2) and "histone" (3) . By the end of the nineteenth century, the true protein nature of these complexing substances had been established (3, 4) . Early characterization of the nucleoprotein complexes (chromatin) showed that whereas the major chromatin proteins from somatic cells consisted of histones, the protein composition of chromatin from sperm cells consisted of either histones (as in carp (5)) or protamines (as in salmon (2)). Further progress on the chemical characterization of the SNBPs revealed a large degree of compositional variability and structural heterogeneity (6 -8) , which contrasts with the evolutionarily conserved chemical nature and low structure variability of histones from somatic cells (9) . An early attempt to classify the SNBPs was carried out by David Bloch in 1969 (10) . In this classification (see Fig. 1 ), Bloch distinguished among the following types: Salmo type (arginine-rich protamines from fish, "monoprotamines"), mousegrasshopper type (containing -SH groups, "stable protamines"), Mytilus type (intermediate between histones and protamines), Rana type (histones), and crab type (no basic proteins in the large uncondensed nucleus such that DNA appears essentially naked). However, the heterogeneity of the SNBPs and the phylogenetically scattered nature of the organisms for which SNBP information was available masked any evidence of an evolutionary relationship among these proteins.
As more information has become available a clearer understanding of the possible mechanisms underlying SNBP variability has started to emerge (11) . In recent years, studies have been designed to gather information about the SNBPs from different groups of phylogenetically related organisms (12, 13) . The result of this phylogenetically based approach has proved to be rewarding not only for providing a better insight into the classification of these proteins but also for providing a deeper understanding of their evolution.
Based on current information, SNBPs can be grouped in three main categories: histone type (H type); protamine type (P type); and protamine-like (PL type) (12) 2 (see Fig. 1 ). The first group of SNBPs in this classification, histone type (H type), basically corresponds to Bloch's Rana type. It consists of histones that are compositionally and structurally related to the histones that are found in the nuclei of somatic cells (Fig. 2 , lanes H and Fig. 3, panel 1 ). This group includes sperm-specific variants mainly for histones H1 and H2B (spH1, spH2B) such as those present in the sperm of echinoderms (14 -16) . The second group of SNBPs, the protamine type (P type) (Fig. 2 , lanes P), consists of arginine-rich (Arg Ն 30 mol %) highly basic proteins (His ϩ Lys ϩ Arg ϭ 45-80 mol %, Ser ϩ Thr ϩ Gly ϭ 10 -25 mol %) (17) of relatively small molecular mass (approximately 4000 Յ M r Յ 10,000) (Fig. 3 , panels 4 and 5). This group includes the Salmo and mouse type of Bloch's classification. During spermiogenesis, these proteins replace the majority of the germinal somatic-like histones that are present at the onset of spermatogenesis, and they are the main SNBPs found in mature sperm. The protamine-like (PL) type is the third group of proteins of this classification (8, 12, 18) (Fig. 2 , lanes PL) and is the most structurally heterogeneous group. This group is equivalent to the Mytilus type in Bloch's classification. It consists of basic proteins having an arginine ϩ lysine content that usually amounts to at least 35-50 mol % (12) . All of the proteins from this group are closely related to molecules from the histone H1 family (12, 19, 20) . Although initially described in bivalve molluscs (19, 20) (Fig. 2 , lanes 4 -6 and Fig. 3 , panels 2 and 3), these SNBPs are widespread throughout the animal kingdom. The PL proteins have been identified in phylogenetically distant groups such as in the phylum Cnidaria (21, 22) (Fig. 2, lane 3 ) and in chordates (23) and vertebrates (24) . The PL proteins replace most of the histone components during spermiogenesis, although to a smaller extent than the proteins of the P type (12) . In most instances, PL proteins coexist in the mature sperm with a full histone complement (19, 25) amounting to 20 -25% of the total SNBPs. Despite the apparent structural variability of SNBPs ( Fig. 1) , most of the SNBPs characterized so far can be classified within these three protein types (12) .
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from the sperm of the surf clam Spisula solidissima (26) (Fig. 2,  lane 5) . The reason for initially focusing our attention on bivalve molluscs was because the SNBPs of this group of organisms had been chosen by David Bloch (10) in his early classification of SNBP to designate those proteins (PL in the present classification) with an intermediate composition between histones and protamines (10, 27). Spisula PL-I, which is the only PL protein present in the sperm of this organism, has a molecular mass of M r Х 50,000 3 and is therefore larger than any protamine or histone, including most of the histones of the H1 family (20,000 Յ M r Յ 26,000). Structural analysis of PL-I revealed that, like histone H1, this protein has a trypsin-resistant globular core (28) with a high sequence similarity (51%) to histone H5 (28) (Fig. 4A) . Histone H5 is a member of the histone H1 family, which is present in nucleated erythrocytes of certain vertebrates (29) . Interestingly, erythrocytes and spermatozoa are both terminally differentiated cells. All PL-I proteins described to date have a globular core, which is similar to the globular core of histone H5 (12) .
Further analysis of the PL proteins from the bivalve molluscs (30 -32) revealed that all of them (PL-I, PL-II, PL-III, PL-IV) are related to the histone H1 molecule (20) regardless of their structural heterogeneity (18) . The mussel Mytilus sp. provides a good example of this. The SNBPs of this organism consist of three major components: PL-II (M r ϭ 15,600), PL-III (M r ϭ 11,300), and PL-IV (M r ϭ 6500) (Fig. 2, lane 6 ) of smaller size than Spisula's PL-I. The PL-II and PL-IV proteins are formed as a result of the post-translational cleavage of a common (PL-I) precursor (Fig. 4B) consisting of 203 amino acids (33), whereas PL-III, which has an N-terminal region very similar to the N-terminal domain of PL-II, corresponds to an independent gene product. The razor clam, Ensis minor, contains two major PL proteins: PL-II (EM-6) (M r ϭ 23,600 and contains the conserved histone H1-related globular domains) and PL-III (EM-1) (M r ϭ 16,800) (34) . Both PL-II and PL-III proteins are products of post-translational cleavage from a larger H1-related PL-I precursor (34) (Fig. 4B) . However, in contrast to PL-IV from Mytilus, PL-III from Ensis does not correspond to a C-terminal domain but to an N-terminal domain of the precursor. Furthermore, Ensis PL-III has a high structural and compositional resemblance to Mytilus PL-III (35) but not to PL-IV.
Based on the data that have been published to date, it appears as if, in the bivalve molluscs, we are witnessing an early evolutionary trend of the SNBPs of the protamine type toward segregation from their H1-related PL protein ancestors. Although neither the reason(s) for the post-translational cleavage nor the mechanisms involved in the process depicted in Fig. 4B have been elucidated, the appearance of a small PL-III component under the control of an autonomous gene in the order Mytiloida supports this view and may represent the precursor of the arginine-rich protamines that are found in other groups of molluscs, such as the cephalopods (Fig.  2, lane 7 and Fig. 3, panel 4) (36) . It is important to note that the arginine content of PL-I can be as high as 35 mol % in some bivalve organisms (37) . Arginine-rich histone H1-related PL-I proteins with similar characteristics to those found in bivalves have been described in the sperm of tunicates (13, 23) and fish (24, 38) .
The Evolution of SNBPs: Vertical versus Horizontal
Evolution In 1973 in a seminal paper on SNBPs (8), it was hypothesized that proteins of the protamine type (P type) have evolved from a primitive somatic-like histone precursor via a PL-type intermediate through a mechanism of vertical evolution (H 3 PL 3 P). Experimental support for this hypothesis was based on composi-3 J. Ausió, unpublished result.
FIG. 3. Representative examples of SNBPs from the H (H1)
, PL, and P groups. 1, histone H1 from the sperm of the sea urchin Parechinus angulosus (echinoderm) (50); 2, protein PL-II⅐PL-IV from the sperm of the mussel Mytilus trossulus (bivalve mollusc) (33); 3, protein PL-III from the sperm of M. trossulus (35) (see Fig. 2, lane 6) ; 4, protamine from the sperm of the squid Loligo pealeii (cephalopod mollusc) (51) (see Fig. 2, lane 7) ; 5, protamine P1 from the boar S. scrofa (mammal) (52) (see Fig. 2, lane 11) . The yellow boxes in 1 and 2 represent the trypsin-resistant globular part of these proteins. The arrow in 2 indicates the site of post-translational cleavage (end of PL-II, beginning of PL-IV) (33 
Minireview: Evolution of SNBPs 31116
tional amino acid analysis. The histone hypothesis contrasts with the hypothesis of horizontal evolution of protamines, according to which protamines have a retroviral origin (39, 40) . The hypothesis of retroviral horizontal transmission was proposed to account for the apparently random distribution of protamines (SNBPs of the P type) in fish and was based on the observation that the flanking regions of the protamine genes from rainbow trout exhibit a large degree of similarity to the long terminal repeats of avian retroviruses (39) . However, a detailed systematic analysis of the distribution of SNBPs in fish later revealed that the sporadic distribution of SNBPs of the P type was not random and could be phylogenetically traced (24) .
If the vertical hypothesis is correct, it predicts that only histones (SNBP of the H-type) or PL precursors would be present in the early metazoan groups, whereas the more specialized PL and P types would be more prevalent in the sperm of organisms of the upper phylogenetic levels as depicted by Fig. 5 . The presence of histones in sponges (41) (Fig. 2, lane 1) and the discovery of histone H1-related proteins (PL-I) of the histone H5 type in the sperm of different groups of cnidarians (21, 22) , in conjunction with the complete absence of other SNBP types within these groups, support this prediction. Furthermore, SNBPs of the P type are only found in sperm of organisms at the upper phylogenetic levels of the deuterostome and protostome branches (12, 22) .
Although the connection between PL and histone H1 within the evolutionary "mode" H 3 PL 3 P seems well established (12), the precise way by which specialized PLs of low molecular weight could FIG. 4 . Evolutionary relation of SNBPs to histone H1. A, amino acid sequences of the trypsin-resistant globular core of a few representative PL-I-related proteins in comparison to the consensus amino acid sequence of the histone H1 core (H1-c) (53) and to the core of histone H5 from chicken erythrocytes (Chick H5) (54) . Flnd PL, high molecular weight sperm-specific chromatin protein from the winter flounder fish (Pleuronectes americanus) (38) ; Myt PL-II, PL-II from the mussel M. trossulus (32) ; Spis PL-I, PL-I from the surf clam S. solidissima (26) . Sequence alignments were carried out with the help of a CLUSTALX (1.646) multisequence alignment program (55) . The brown, orange, and yellow shadings represent regions with a different extent of similarity in decreasing order. B, post-translational cleavage (small black arrows) of an arginine-rich, histone H1-derived PL-I protein leads to the appearance of highly basic PL proteins of lower molecular weight (PL-II, PL-III, PL-IV) lacking the characteristic H1 globular domain as it occurs in molluscs (33, 34) . Alternative mechanisms (i.e. alternative splicing, crossing over, or others) may also be involved, eventually leading to the arginine-rich protamines (P type) that are found in the upper levels of the phylogenetic tree. The increasing darkness of the brown color indicates the increase in arginine content of the proteins. themselves. This pattern appears to have occurred on repeated occasions during evolution. As already pointed out by Bloch (27) , the phylogenetic "mode" shown in this figure mirrors the ontogenic pattern shown in Fig. 1 . The phylogenetic tree has been adapted from Nielsen (56) , based on an original representation by Franzén (57) of the phylogenetic occurrence of different types of spermatozoa: 1, primitive sperm type; 2, modified sperm; 3, biflagellate sperm; 4, ascidian sperm type; and 5, aflagellate sperm. The SNBPs present in different taxonomic groups along the phylogenetic tree are shown in black, as in Fig. 1 
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have evolved into the SNBPs of the protamine type has not been elucidated. The post-translational cleavage shown in Fig. 4B (33, 34) may represent an initial trend in this evolutionary process.
Other phenomena, such as alternative splicing or the crossing over that occurs during meiosis, may have played an important role in the definitive segregation and elimination of the globular H1 domain of the PL precursors at the gene level. Interestingly, the repetitive SR motifs, such as those that are present at the Nterminal end of most PL proteins, have been implicated in splicing control (42) and pre-mRNA splicing (43) . Recently, evidence has been obtained suggesting that the patterns of gene expression in spermatogenic cells play an important role in the generation of new genes (44) .
Conclusions
Despite the patchy distribution of SNBPs (10) (Fig. 5) , these proteins can be classified in three well defined groups: H, PL, P. The evolutionary "mode" connecting these groups of proteins (H 3 PL 3 P) has occurred repeatedly on many occasions during metazoan evolution. Thus, the apparent random distribution of SNBPs throughout the animal kingdom is merely a reflection of these events and the occurrence of multiple reversions (as indicated by the bidirectional arrows at the base of Fig. 5 ) in this evolutionary pattern within individual phylogenetic groups (41). Mechanism(s) for the reversions are probably similar to those that occurred during gene loss and gain in the evolution of the Hox genes (45) . The presence of analogous SNBP types in protostomes and in deuterostomes leads to an apparent evolutionary symmetry (see Fig. 5 ) that is indicative of the existence of evolutionary convergence (46) . Current research at the gene level should ultimately determine whether the overall evolution of SNBPs represents a case of genuine convergence (46) or if it is the result of parallel evolution (47) from a common histone H1 gene ancestor (41) .
The presence of a histone H1-related protein (more specifically of the H5 type) at the base of the SNBP evolutionary pattern is not surprising given the developmental variability of members of the histone H1 family (48) and considering their role in chromatin folding (49) . Chromatin (DNA) condensation plays a critical role in the silencing and tight packing of the genome within the sperm nucleus.
